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Mesenchymal stem cells (MSCs) are a kind of pluripotent stem cell with the potential of self-renewal and multidirectional differentiation. They can be obtained from a variety of tissues and can differentiate into a variety of cell types under different induction conditions, including osteoblasts. Because of this osteogenic property, MSCs have attracted much attention in the treatment of bone metabolism-related diseases. MicroRNAs (miRNAs), as an epigenetic factor, are thought to play an important regulatory role in the process of osteogenic differentiation of MSCs. In recent years, increasingly evidence shows that miRNAs imbalance is involved in the regulation of osteoporosis and fracture. In this review, miRNAs involved in osteogenic differentiation and their mechanisms for regulating the expression of target genes are reviewed. In addition, we also discuss the potential clinical applications and possible directions of this field in the future.
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INTRODUCTION

Mesenchymal stem cells (MSCs), derived from the mesoderm at the early stage of embryonic development, are a kind of adult stem cells with self-renewal and multidirectional differentiation potential. They can differentiate into different cell types under different induction conditions, such as adipocytes, osteoblasts, nerve cells and chondrocytes. Friedenstein et al. first discovered in bone marrow a group of adherent cells capable of forming a single clone, which could differentiate into cells of all kinds of sources, such as adipocytes, osteoblasts and chondrocytes, in vitro or in vivo (1). Therefore, these cells are called MSCs. In addition to bone marrow tissue, researchers have successively isolated and cultured MSCs from the dental apical papilla (SCAPs), dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) (2–4). The differentiation of MSCs into osteoblasts is crucial for maintaining bone remodeling. Studies indicated that MSCs have low immunogenicity and can secrete vast chemokines and migrate to injured site during tissue injury and inflammation, thus exerting the functions of inflammation regulation and tissue repair (5).

Osteoblasts can secrete organic bone matrix, promote mineralization of bone matrix, and maintain bone homeostasis (6). The dysplasia or dysfunction of osteoblasts can result in the destruction of bone microstructure and defect of bone formation, leading to bone metabolic diseases such as osteoarthritis and osteoporosis. However, differentiation of MSCs into osteoblasts is the main pathway of osteoblastic formation and plays a crucial role in bone formation and functional maintenance (7). Numerous studies have shown that microRNAs, as endogenous post-transcriptional regulators, play a key biological role in regulating proliferation and differentiation of stem cells (8, 9). In this paper, the role and mechanism of miRNAs in the osteogenic differentiation of MSCs were summarized, and the regulatory function of miRNAs in this process was recognized, so as to have a deeper understanding of bone metabolic diseases related to this process.



FORMATION AND ACTION MODE OF MIRNAS

In 1993, Lee (10) et al. found a gene that does not encode protein: LIN-4 when conducting genetic screening for the early development of C. elegans. LIN-4 does not encode a protein, but produces a small pair of RNAs. Later, it was recognized that Lin-4 is a member of a rich class of small regulatory RNAs, called microRNAs, and that it controls the timing of nematode embryo development. MicroRNA is a kind of small non-coding single-stranded RNA about 21–23 nucleotides, which is widely present in eukaryotes and acts on the 3 'UTR of target genes, inhibit the translation of target gene RNA (mRNA), or make it degrade to play an important regulatory role in stem cell renewal, differentiation, cell cycle and cell apoptosis and other biological processes. MicroRNAs undergo a series of changes before maturation. The classic microRNA synthesis pathway is that first, microRNAs are transcribed in the nucleus under the action of RNA polymerase (Pol) into cap-structured primary transcripts, namely pri-microRNAs. In the presence of a microprocessing complex consisting of endonuclease Drosha and cofactor double stranded RNA binding protein DGCR8, pri-miRNAs are further processed to form hairpin precursor microRNAs (pre-miRNAs) of about 70 nucleotides. After the pre-miRNA is transported to the cytoplasm by Exportin5, Doubly-stranded microRNAs with about 22 nucleotides are formed by clipping by Dicer endoribonuclease. Doubly-stranded miRNAs have unstable 5 'ends and bind with miRNA-induced silencing complex to form miRNA-RISC, while the other strand is hydrolyzed under the action of hydrolase (11, 12). The miRNA-RISC complex recognizes the target mRNA through the principle of base complementary pairing, mainly binds to the 3 'UTR of the target mRNA, and directs the silencing complex to avoid the production of proteide by inhibiting the translation or degradation of mRNA according to the different degree of complementarity. When miRNA is fully complementary to the target gene, the target gene is completely degraded, which mainly occurs in plants (13). When miRNA is not completely complementary to the target gene, the transcription of the target gene will be inhibited to varying degrees, which mainly occurs in animals (14). In addition, miRNAs are specific in time and space as well as fine-tuning. Through these characteristics, miRNAs regulate nearly 30% of genes (15), making them play a key role in physiological and pathological processes such as cell proliferation, apoptosis, differentiation, growth and development, and tumor.

With the continuous exploration of osteogenic differentiation of MSCs in recent years, studies indicated that the osteogenic differentiation of MSCs is a complex process jointly completed under the expression of multiple signaling pathways and multiple genes, and confirmed that miRNA is closely related to multiple osteogenic signaling pathways and multiple osteogenic genes (16, 17). Therefore, this paper summarizes the current research results of miRNA, multiple osteogenic signaling pathways and multiple osteogenic related genes.



MIRNA REGULATES OSTEOGENIC DIFFERENTIATION BY TARGETING OSTEOGENIC GENES

Osteogenic differentiation of MSCs is regulated by osteogenic transcription factors, such as Runx2, OSX, DLX5 (18), etc. Among which Runx2 and OSX are two important regulatory factors. More and more studies have shown that miRNAs regulate the osteogenic differentiation of MSCs by directly targeting osteogenic transcription factors. This paper focuses on the summary of these two regulatory factors (Figure 1).
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FIGURE 1. MicroRNAs (miRNAs) and signaling pathways involved in the osteogenesis of mesenchymal stem cells (MSCs). MiRNAs can inhibit or promote osteoblast differentiation through the direct targeting of their target genes, some of which are osteoblastic markers [such as runt-related transcription factor 2 (Runx2) and osterix (Osx)]. Notch and MAPK signaling pathways participate in regulating the osteoblastic differentiation of MSCs. (The green arrow: promotion, Red symbol: inhibition).


Runx2, a member of the Runx family of transcription factors, is a key transcription factor specific to osteoblasts and is essential for osteoblastic differentiation. Runx2 is regulated by multiple cytokines and multiple signaling pathways in osteogenic differentiation of MSCs, among which miRNAs can directly target Runx2 to regulate osteogenic differentiation of MSCs. Recently, 11 miRNAs that directly target Runx2 (miR-23a, miR-30c, miR-34c, miR-133a, miR-135a, miR-137, miR-204, miR-205, miR-217, miR-218, and miR-338) were highly expressed in bone mesenchymal stem cells (BMSCs), and further study showed that 11 miRNAs (except miR-218) inhibited osteogenic differentiation of BMSCs by directly targeting Runx2 (19). Studies found that the miR-320 family (miR-320a, 320b, 320c, 320d, and 320e) was up-regulated during the adipose differentiation of MSCs. Further, miR-320c can promote adipogenic differentiation and inhibit osteogenic differentiation of MSCs. It has been proved that Runx2 is a direct target gene of the miR-320 family by dual luciferase report assay. Studies indicated that the miR-320 family regulates the differentiation process of MSCs by directly targeting the 3'UTR of Runx2 (20). Kim et al. found that the level of miR-433 was down-regulated in the osteoblast cell line C3H10T1/2 of MSCs during osteoblast differentiation. Over-expression miR-433 reduced the expression of Runx2. Further studies demonstrated that Runx2 was a direct target gene of miR-433. Therefore, miR-433 suppressed the differentiation of osteoblasts by directly targeting the 3'UTR of Runx2 (21). Recent studies have found that miR-505 is considered as a new regulator of Runx2. miR-505 was down regulated during osteoblast differentiation in MC3T3-E1 cells. Furthermore, over-expression miR-505 inhibits osteoblast differentiation by directly targeting to Runx2 (22).

Currently, miRNAs have been used in other bone diseases or altered osteogenic differentiation. Recent studies have shown that miR-137-3p is involved in avascular necrosis of the femoral head by directly binding to the 3 'UTR of Runx2. In addition, it also targets CXCL12, which encodes SDF-1 α, an angiogenic factor. Further studies show that silencing miR-137-3p promotes osteogenesis and angiogenesis by targeting Runx2 and CXCL12 (23). Recently, study has shown that miR-628-3p expression is up-regulated in patients with atrophic nonunion and may inhibit osteoblastic differentiation by inhibiting its target gene Runx2.Atrophic nonunion is a serious complication of fracture. In vitro experiments, overexpression of miR-628-3p resulted in reduced osteoblastic differentiation in human osteoblast-like cells (MG63) (24). Recently, it has been found that RSVL can promote osteogenesis of BMSCs and inhibit adipogenesis in a dose-dependent manner. Further, miR-320c and its target gene Runx2 were identified during the process of osteoblastic differentiation of BMSCs treated with RSVL. Over-expression miR-320c suppressed osteoblastic differentiation of BMSCs by targeting Runx2 in RSVL, while down-regulation of miR-320c accelerated osteoblastic differentiation of BMSCs. In conclusion, miR-320c can be used as a new target to regulate the biological function of BMSCs with RSVL (25).

OSX is a downstream gene of Runx2, which is specifically expressed in osteoblasts and is a key gene for the pre-differentiation of osteoblasts into mature osteoblasts. Studies found that in mice with OSX knockout, embryonic cartilage development was normal, but there was no mature differentiation and bone formation of osteocytes. The study demonstrates the need for OSX in bone formation (26). Studies have shown that miR-138 inhibited osteogenic differentiation of MSCs in vitro, and in vivo overexpression of miR-138 reduced ectopic bone formation by 85%. On the contrary, knockdown of miR-138 increased bone formation by 60% in vivo. Further studies showed that miR-138 inhibited phosphorylation of ERK1/2 and thus OSX phosphorylation, showing that it inhibited osteogenic differentiation of MSCs (27). Studies have reported that miRNAs such as miR-637, miR-93, and miR-214 directly regulate OSX, inhibit its translation and transcription, and inhibit the osteogenic differentiation of MSCs (28–30).

Recently, studies have indicated that the level of miR-485-5p is up-regulated in osteoporosis patients, and which is down-regulated in the process of osteogenic differentiation. Further luciferase detection confirms that 3'UTR region of OSX is directly targeted to miR-485-5p. The upregulation of miR-485-5p resulted in decreased OSX expression, which could inhibit the expression levels of cell viability and osteogenesis markers. This study revealed the miR-485-5p can promote osteoporosis, indicating that miR-485-5p may be a potential therapeutic strategy for osteoporosis (31). MiR-27a-3p is a key inhibitor of osteogenesis. Luciferase reporting analysis suggested that miR-27a-3p controlled the mRNA level of OSX through targeting the 3'UTR region of OSX, and miR-27a-3p inhibited the differentiation of preosteoblasts by decreasing OSX expression. The expression level of miR-27a-3p in patients with osteoporosis is reduced, and miR-27a-3p weakens the potential of osteogenic differentiation in vitro, therefore, miR-27a-3p may be used as a therapeutic target and diagnostic biomarker for osteoporosis (32). It was found that osteoblast miR-664-3p transgenic mice reduced bone mass by inhibiting osteoblastic function. Further luciferase detection confirms that Smad4 and OSX are direct targets of miR-664-3p. In addition, subperiosteal injection of miR-664-3p antagomir protects against bone loss induced by oophorectomy. In conclusion, miR-664-3 may serve as a new diagnostic and therapeutic target for osteoporosis patients (33).



MIRNAS REGULATE SIGNALING PATHWAYS WHICH ASSOCIATED WITH OSTEOGENESIS


MiRNAs Regulate Osteogenic Differentiation by Wnt Signaling Pathway

Wnt signaling pathways are mainly divided into the classical Wnt/β-catenin signaling pathway and the non-classical Wnt signaling pathway. The participation of Wnt signaling pathway in osteogenic differentiation is mainly due to the activation of the classical Wnt/β-catenin signaling pathway (34) (Table 1). On the classical Wnt/β-catenin signaling pathway, Wnt proteins pass through the domain of Frizzled receptor or LDL receptor-related protein 5/6, through a series of cytoplasmic protein interactions, β-catenin accumulates in the cytoplasm, and enters the nucleus, where it is combined with intraconuclear T cytokine 3(TCF3)/Lymphoid enhancer factor 1(LEF1) forms a complex that initiates transcription of downstream target genes. Long et al. showed that miR-139-5p bound to the 3'UTR of CTNNB1 and FZD4 in BMSCs by regulating the Wnt/β-catenin signaling pathway to negatively regulate osteogenic differentiation BMSCs (35). β-catenin is a multifunctional protein encoded by CTNNB1. Wnt protein binds to FZD4 on the cell membrane of BMSCs, activates the accumulation of β-catenin into the nucleus, and initiates the transcriptional activity of Runx2, which can promote osteogenic differentiation. Cao et al. found that knockdown miR-214 can inhibit the Wnt/β-catenin signaling pathway by inhibiting the expression of β-catenin, thereby promoting the osteogenic differentiation of PDLSCs (36). Osteogenic differentiation is promoted by suppressing Glycogen synthase kinase-3 activation of Wnt signaling pathway (52). Numerous studies have found that GSK-3β is the target gene of miR-346, miR-199b-5p and miR-26a. miR-346, miR-199b-5p and miR-26a target to the 3'UTR region of GSK-3β, which promoted osteogenic differentiation of BMSCs by reducing the expression level of GSK-3β and activating the Wnt signaling pathway (37–39).


Table 1. MiRNAs regulate osteogenic differentiation by Wnt signaling pathway.
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Some studies have found that, Secreted Human DickkopF-related Protein 1(DKK1), Kremen2 and Secreted Frizzled Related Protein 2 (SFRP2), is an inhibitor of the Wnt signaling pathway. Kapinas et al. found that DKK1, Kremen2 and SFRP2 are the target genes of miR-29a, and when miR-29a is overexpressed, the expression levels of DKK1, Kremen2 and SFRP2 are reduced, which initiates the Wnt signaling pathway and stimulates osteoblastic differentiation of osteoblasts (40). In addition, miR-9, miR-433-3p, miR-335-5p and miR-217 promote osteoblast differentiation of murine and human MSCs, binding to the 3'UTR region of DKK1 (41–44). It has been found that miR-218 can effectively promote the osteogenic differentiation of human adipose derived mesenchymal stem cells (hADSCs) by directly targeting SFRP2 and DKK2 and activating Wnt signaling pathway Zhang et al. (45). During osteogenic differentiation of human fetal osteoblasts (hFOBs), the expression of miR-27a was up-regulated and targeted to the extracellular antagonist SFRP1 of the Wnt signaling pathway. Therefore, miR-27a positively regulates the Wnt signaling pathway by down-regulating the expression level of SFRP1 (47).

In recent years, some Wnt ligands, including Wnt3a, Wnt5a, Wnt6, and Wnt10a, have been found to be involved in initiating the Wnt/β-catenin cascade and stimulating osteoblastic differentiation. In the process of osteoblast differentiation, miR-16-2-3p expression is observably reduced in BMSCs (48). Further studies showed that miR-16-2-3p blocks the Wnt signaling pathway and thereby inhibits BMSCs osteoblast differentiation by targeting the 3'UTR region of Wnt5a (48). In addition, Wnt5a could also be used as a target of miR-1297 in BMSCs. miR-1297 is highly expressed in the serum of patients with osteoporosis, but it is significantly decreased in the process of osteogenic differentiation induced by BMSCs. Therefore, miR-1297 may be involved in the progress of osteoporosis by combining with Wnt5a (46). Zhang et al. found that miR-9-5p can inhibit osteogenesis and promote adipogenesis by targeting Wnt3a in BMSCs, thus promoting the occurrence and progress of osteoporosis (49). Recently, it has been found that miR-381 can target to the 3'UTR regions of Wnt5a and FZD3 in BMSCs, inhibit the mRNA expression of Wnt5a and FZD3, and thus suppress the osteogenic differentiation of BMSCs (50). Fang et al. found that overexpression of miR-378 suppressed the osteogenesis of MSCs, while antimir-378 promoted its osteogenic differentiation, thus confirming that miR-378 could bind to the 3'UTR of Wnt6 and Wnt10a and inhibited osteogenesis by blocking Wnt/β-catenin signaling (51).




MIRNAS REGULATE OSTEOGENIC DIFFERENTIATION BY TGF-β/BMP SIGNALING PATHWAY

TGF-β belongs to a group of TGF-β superfamily that regulate cell growth and differentiation, including Activins, Inhibin, transforming growth factors (TGF-βs) and bone morphogenetic protein (BMP) (53) (Table 2). TGF- β Signal promotes the activation and proliferation of pre osteoblasts and makes osteoprogenitor cells differentiate into immature osteoblasts. In the later stage, especially in the process of matrix mineralization, it inhibits osteoblast maturation, mineralization and transformation to osteoblasts (65–67). Studies have shown that after the overexpression of miR-181a in C2C12 and MC3T3, the activity of alkaline phosphatase and calcium-salt nodules stained with Alizarin red, a marker of late osteogenesis, are increased. Further studies have found that, G-protein signal transduction regulator 4(RGS4) and transcriptional regulator 6 (GATA6) are TGF-β signaling molecules, and miR-181a can bind to the 3'UTR of RGS4 and GATA6, indicating that miR-181a accelerates osteoblastic differentiation of C2C12 and MC3T3 cells by down-regulating the expression of RGS4 and GATA6 and blocking the TGF-β signaling pathway (54).


Table 2. MiRNAs regulate osteogenic differentiation by TGF-ß/BMP signaling pathway.
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SMAD (mothers against decapentaplegic) is a key transcription factor in the TGF-β signaling pathway during osteogenic differentiation. Some miRNAs target TGF-β signal-induced SMAD 2/3, BMP signal-induced smad1/5 and TGF-β/BMP signal-induced co-induced SMAD4 affect osteogenic differentiation. In TGF-β signal-induced SMADs, miR-10b promotes osteogenesis in vivo and enhances bone formation by targeting SMAD2 in ADSCs, and its expression is associated with OPN and Runx2 in clinical samples from patients with osteoporosis (55). Pais et al. proved that Smad3 may be a target of miR-140.MiR-140 promotes osteogenic differentiation of BMSCs by binding to Smad3 and blocking the TGF-β signaling pathway (56). MiR-708 is highly expressed in MSCs of patients with hormone-induced femoral osteonecrosis (ONFH), while Smad3 is low expressed. miR-708 binds to 3'UTR of Smad3, which can inhibit osteogenic and adipogenic differentiation of MSCs in patients with ONFH, suggesting that miR-708 may be a novel therapeutic biomarker to prevent and treat ONFH (57). Recently, Studies showed that miR-221-5p inhibited osteogenic differentiation of myeloma osteopathic mesenchymal stem cells (MBD-MSCs) by binding to Smad3 affecting osteogenic differentiation and negatively regulated PI3K/ Akt /mTOR signaling pathway (58). Overexpression of miR-222-3p decreased expression of Smad5 and Runx2, while knockout increased Smad5 and Runx2 expression in BMSCs. Further, miR-222-3p suppressed osteogenic differentiation by directly targeting Smad5 and Runx2 Yan et al. (59). Recently, the study found that miR-203-3p targeted the 3'UTR of Smad1 and inhibited osteogenesis in vivo and in vitro in diabetic rats, indicating that miR-203-3p may be a therapeutic target for diabetic bone and may improve osteoporosis and fracture healing (60). Huang et al. found that miR-144-3p suppressed osteoblastic differentiation of C3H mouse (C3H10T1/2) embryonic cells by directly targeting Smad4 in TGF-β/BMP signal-induced common Smads (61). In addition, the expression of miR-146a was down-regulated in BMP2-induced rat adipose-derived mesenchymal stem cells (ADSCs). Overexpression of miR-146a significantly inhibited osteogenic differentiation of ADSCs, and it was further found that Smad4 was a direct target of miR-146a (62).

BMPs is a member of the TGF-β superfamily, in which BMP-2 is the most significant bone growth factor promoting osteogenic differentiation of MSCs. MiR-320a has been reported to inhibit osteogenic differentiation of BMSCs by targeting Homeobox A10 (HOXA10). HOXA10 is a direct target gene of miR-320, and the expression of HOXA10 will be inhibited after binding with miR-320a.HOXA10 can induce BMP2 expression gene to activate Runx2, inhibit Runx2 transcription through the BMP2/ RUNX2 signaling pathway, and inhibit osteogenic differentiation (63). In the process of osteogenesis, BMP-2 regulates the transcription of osteogenic genes by activating Smads signal transduction, thus playing its role in osteogenesis (68). In this study, it was found that knockdown of miR-106b-5p and miR-17-5p promoted bone differentiation of C2C12 and MC3T3-E1 cells. Further study revealed that knockdown of miR-106b-5p and miR-17-5p activated the BMP-2 signaling pathway.BMP-2 activates SMAD5 signal transduction protein, indicating that knockdown of miR-106b-5p and miR-17-5p can promote osteogenic differentiation of C2C12 and MC3T3-E1 cells by activating the BMP-2/ SMAD5 signaling pathway (64).



MIRNAS REGULATE OSTEOGENIC DIFFERENTIATION BY MAPK SIGNALING PATHWAY

Mitogen-activated protein kinase (MAPK) belongs to the class of intracellular serine/threonine protein kinases, and is an major transmitter of signal transduction from cell surface to nucleus. The MAPK signaling pathway is activated by growth factors that play an important role in the process of osteogenic differentiation (Figure 1). It has been reported that Extracelluar signal-regulated kinase (ERK) c-Jun N-terminal kinase (JNK) is an Extracelluar signal-regulated kinase.JNK) and p38 are involved in MAPK signaling pathway mediated osteogenic differentiation of BMSCs (69). It has been shown that knockdown of miR-205 can promote osteogenic differentiation of BMSCs.MiR-205 negatively regulates the expression of Special AT-rich sequence-binding protein 2(SATB2), an osteogenic transcription factor. Overexpression of SATB2 activates Runx2. In conclusion, it is confirmed that down-regulation of miR-205 can promote the expression of STAB2 and RUNX2, thus activating the ERK/ P38 signaling pathway to promote the osteogenic differentiation of BMSCs (70). It was found that overexpression of miR-9 promoted the osteogenic differentiation of BMSCs by up-regulating the expression of Runx2, while miR-10 negatively regulated the osteogenic differentiation of BMSCs by negatively regulating the expression of Runx2. Further investigation found that the expression changes of miR-9 and miR-10 can cause the phosphorylation of ERK and activate the ERK signaling pathway to further regulate the osteogenic differentiation of BMSCs (71). Recently, it has been found that miR-143 is significantly down-regulated during osteogenic differentiation of ADSCs. Overexpression of miR-143 blocked the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway to inhibit osteoblastic differentiation, while knockdown of miR-143 enhanced the activation of the ERK1/2 pathway to promote osteoblastic differentiation. Bioinformatics analysis further revealed that miR-143 had a KRas was the target and directly bound to its mRNA 3'UTR. In conclusion, miR-143 inhibits osteogenic differentiation of ADSCs by the K Ras/MEK/ERK pathway, further revealing its molecular mechanism (72).



MIRNA REGULATES OSTEOGENIC DIFFERENTIATION BY NOTCH SIGNALING PATHWAY

Recent studies indicated that Notch signaling pathway is bound up with the osteogenic differentiation of MSCs (Figure 1). Notch signaling pathway is mainly composed of Notch receptor, Notch ligand and DNA protein binding CSL3 part (73). So far it has been found that there are 4 homologous Notch receptors and five homologous ligand in mammals. Some Notch target genes, effector molecules, have been identified, including Hes1-6(Hairy enhancement of Split-1) NF-κB(Nuclear Factor κB) Cyclin D1C - myc, etc., (74, 75). It was found that over-expression miR-34a suppressed osteogenic differentiation of MSCs in vitro Jagged1, a key transcription factor in Notch signaling pathway, was further confirmed as the direct target gene of miR-34a by bioinformatics prediction of target genes. In an in vivo preclinical model of bone, overexpression of miR-34a in MSCs resulted in a 60% reduction in ectopic bone formation, while knockdown of miR-34a resulted in 200% in vivo bone formation. In conclusion, the study indicated that miR-34a decreased Jagged1 expression and inhibited Notch signaling pathway by targeting Jagged1, and played a negative role in the regulation of osteogenic differentiation of MSCs and osteogenesis in vivo (76). Studies found that the increase of mouse osteoblast-specific miR-34c can lead to age-dependent osteoporosis with the growth of age in mice. In osteoblasts, miR-34c directly acts on multiple effector molecules of the Notch signaling pathway, including Notch1, Notch2, and Jagged1, to regulate osteoclast differentiation in an involuntary manner. The study revealed that miR-34c plays a part in bone homeostasis by regulating multiple targets in osteoblasts and osteoclasts in vivo (77).

Studies have shown that the expression level of miR-199b-5p is down-regulated in the process of osteoblastic differentiation of Ligamentum flavum cells (LF), and the overexpression of miR-199b-5p inhibits osteoblastic differentiation. In addition, the expression of JAG1 was upregulated in LF cells during osteogenic differentiation, and knocking down JAG1 inhibited Notch signaling and osteogenic differentiation. Further, dual luciferase reporting analysis indicated that miR-199b-5p targeted the 3'UTR region of JAG1, and miR-199b-5p down-regulated both JAG1 and Notch. These results suggest that miR-199b-5p may play an inhibitory role in osteoblastic differentiation of LF cells by binding to JAG1 and affecting Notch signaling pathway (78).

In summary, during the process of osteogenic differentiation of MSCs, a variety of miRNAs directly influence the osteogenic differentiation of MSCs by regulating their target genes, or they affect the expression levels of upstream or downstream regulatory factors of each signaling pathway.



CONCLUSIONS

Several studies have reported that circulating miRNAs have been analyzed and validated in serum or plasma and whole blood as prognostic or diagnostic markers for differentiating osteoporosis (OP) patients from non-OP subjects. Serum miRNA miR-140-3p and miR-23b-3p can be considered as potential biomarkers for OP and OP fractures in postmenopausal women (79). miR-338 clusters are elevated in postmenopausal women with OP, and in vivo and in vitro studies suggest that RUNX2 and SOX4 may be two key functional targets of miR-338 by mediating their regulation during bone formation (80). Abnormal expression of miR-135b-5p in bone tissue of OP patients suggests that miRNA is involved in the occurrence and development of OP (81). Interestingly, TAmiRNA, a European miRNA diagnostics company, recently commercialized a product called Osteo-miR panel, which uses a set of 19 miRNA to identify the first fracture risk of postmenopausal osteoporosis and type 2 diabetes women (82).

Although non-viral vectors or small RNAs are safer and non-toxic, the transfection efficiency is lower. However, many studies have shown that biomaterials can be used as miRNA-based scaffolders to improve transfection efficiency (83). Some of these materials have already shown preclinical success in treating bone defects. Several researchers have demonstrated the efficacy of periosteal injection miRNA therapy at fracture sites in rodent models. This results in accelerated repair, reduced callus width, osteogenic marker genes and increased callus bone density (84, 85).

Bone metabolic diseases are common clinical diseases at present. With the increase of age, the incidence of bone metabolic diseases is also increasing, troubling all mankind. Therefore, the use of bone regeneration to treat bone metabolic diseases is the focus of our current research. The development of this influential feature of miRNA is a new field of bone therapy. However, most of the studies on miRNAs and bone formation are obtained through in vitro studies, and further exploration and in vivo studies are needed before they are applied in clinic. It is important to note that there may be multiple targets for a single miRNA, so it is necessary to understand its mechanism and target before using miRNA as treatment to avoid the suppression of genetically important genes. The process of bone regeneration is regulated by a series of growth factors, among which miRNAs can regulate the osteogenic differentiation of MSCs by regulating several osteogenic signaling pathways and osteogenic transcription factors. However, the precise mechanism of the regulation remains to be further clarified. With the continuous development of tissue engineering technology and the deepening of research on miRNAs, it is expected to reveal the pathogenesis of a variety of bone metabolic diseases, and provide a theoretical basis for the treatment of bone metabolic diseases, in order to benefit the clinic.
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